ABSTRACT
The benefit of intrathecal therapy and systemic rituximab on the outcome of diffuse large B-cell lymphoma at risk of central nervous system disease is controversial. Furthermore, the effect of intrathecal treatment and rituximab in diffuse large B-cell and Burkitt lymphoma with occult leptomeningeal disease detected by flow cytometry at diagnosis is unknown. Untreated diffuse large B-cell (n=246) and Burkitt (n=80) lymphoma at clinical risk of central nervous system disease and had pretreatment cerebrospinal fluid analyzed by flow cytometry and and cytology. Spinal fluid involvement was detected by flow cytometry alone (occult) in 33 (13%) diffuse large B-cell and 9 (11%) Burkitt lymphoma patients, and detected by cytology in 11 (4.5%) and 5 (6%) patients, respectively. Diffuse large B-cell lymphoma with occult spinal fluid involvement had poorer survival (p=0.0001) and freedom from central nervous system relapse (p<0.0001) compared to negative cases. Burkitt lymphoma with occult spinal fluid involvement had an inferior freedom from central nervous system relapse (p=0.026) but not survival. The amount of intrathecal chemotherapy was quantitatively associated with survival in diffuse large B-cell lymphoma with (p=0.02) and without (p=0.001) occult spinal fluid involvement. However, progression of systemic disease and not control of central nervous system disease was the principal cause of treatment failure. In diffuse large B-cell lymphoma, systemic rituximab was associated with improved freedom from central nervous system relapse (p=0.003) but not survival. Our results suggest that patients at risk of central nervous system disease should be evaluated by flow cytometry and that intrathecal prophylaxis/therapy is beneficial.
INTRODUCTION
Involvement of the CNS is an infrequent but often fatal complication of aggressive B-cell lymphomas 1 . It mostly presents as leptomeningeal disease with involvement of the CSF. Although prophylactic treatment likely reduces the incidence of CNS relapse, it increases the toxicity of systemic chemotherapy and is unnecessary in most patients 2, 3 . This has led to the development of clinical risk paradigms to identify patients for CNS prophylaxis, but only a few patients will potentially benefit 1,4 .
Among patients who develop CNS disease, only a small fraction has cytologically detectable malignant cells in the CSF on initial staging 4 . This observation raised the question of whether cytology was unable to detect low volume disease or if leptomeningeal spread was a late event. Cytology of the CSF, the diagnostic "gold standard", however, has a low sensitivity with a reported false negative rate of 20% to 60%, suggesting pre-treatment leptomeningeal involvement is greater than initially reported 5, 6 . Several studies now show that CSF FCM, which is significantly more sensitive than cytology, detects a relatively high rate of occult disease 4, 7, 8 .
The ability to detect occult leptomeningeal involvement early in the disease raises uncertainties regarding optimal treatment. FCM provides an opportunity to "prospectively" identify patients with leptomeningeal disease, thereby enabling the assessment of intrathecal chemotherapy on CNS recurrence and survival, which is an area of controversy. Indeed, multiple retrospective studies have examined the effect of systemic rituximab and intrathecal "prophylaxis" on the risk of CNS recurrence in DLBCL and have reported inconsistent results 9, 10, 11, 12, 13 . To help address these questions, we conducted an analysis of untreated patients with DLBCL or BL at clinical risk of CNS disease who underwent FCM and cytology of the CSF at initial staging. We provide new information on the effect of intrathecal chemotherapy and systemic rituximab on the incidence of CNS recurrence and survival in patients at risk of CNS disease who did and did not have evidence of occult CSF involvement at initial diagnosis.
METHODS

Eligibility
This .
Study Design
The primary objectives were 1) to determine the incidence of leptomeningeal lymphoma by CSF FCM and cytology at initial diagnosis; 2) to assess freedom from CNS recurrence (FFCR) and survival in patients with occult (FCM+/cytology-) CSF involvement; 3) to assess the effect of intrathecal treatment and systemic rituximab on FFCR and survival; 4) to identify features associated with CSF involvement. 20, 21, 22 . Central nervous system active and prophylactic treatments are described in the supplementary methods.
RESULTS
Patient Characteristics
The study included 246 patients with DLBCL and 80 patients with BL who were at clinical risk of CNS disease. Patients with DLBCL had a median (range) age of 54 (9-92) years and 66%
were male ( 
Cerebrospinal Fluid Analysis
Lymphoma was detected in the CSF by FCM in 42 (17%) patients and by cytology in 11 (4.5%) patients with DLBCL (p<0.0001)( Table 2 ). All but two cases detected by cytology were also detected by FCM, whereas cytology only detected 26% of FCM positive cases. Among patients with BL, lymphoma was detected by FCM in 13 (16%) patents and by cytology in 5 (6%) patients (p=0.02). Similarly, cytology only detected 31% of FCM positive cases in BL. HIV infection was not associated with an increased incidence of leptomeningeal disease.
We examined the association between brain parenchymal disease and CSF involvement Pretreatment. Ten (4%) patients with DLBCL and 1 (1%) patient with BL had radiological evidence of parenchymal involvement. Of these cases, 4 (2%) patients, all with DLBCL, also had involvement of the CSF, which was detected by FCM in 3 and by cytology in 2 patients.
To determine if the presence of occult disease (FCM+/cytology-) in the CSF was associated with increased CSF protein or cell counts, we compared patients with occult disease to patients without CSF involvement. There was no significant difference in the median (range) cell count (1.2 (0-26.9) and 0.9 (0-42); p=0.054) or total protein (44 (9-109) and 33 (1-608); p=0.077) in patients with or without occult CSF involvement, respectively, consistent with the low tumor burden of occult disease.
Outcome of CSF Involvement
Patients with DLBCL had an overall survival of 65% at 3-years, and a median follow-up of 50 months ( Figure 1A ). Within the DLBCL patients, occult disease was associated with lower survival (38% versus 69% at 3-years; p=0.0001) and freedom from CNS relapse (73% versus 94% at 3-years; p<0.0001) compared to patients without CSF involvement ( Figure 1B and 1C). The findings were statistically similar when confined to the patients who received systemic rituximab.
There was no difference in survival (p=0.54) or freedom from CNS relapse (p= 0.72) among patients with a positive compared to negative cytology.
Patients with BL had an overall survival of 83% at 3-years and a median follow-up of 43 months ( Figure 1D ). In BL, occult CSF involvement was associated with a lower freedom from CNS relapse (78% versus 98% at 3-years; p =0.026) but not survival ( Figure 1E and 1F). In contrast, patients with a positive CSF cytology had a lower survival compared to patients with a negative cytology (87% versus not reached at 3-years; p = 0.005) but no difference in freedom from CNS relapse (data not shown).
Effect of Intrathecal Chemotherapy and Systemic Rituximab
To assess the effect of intrathecal chemotherapy on the outcome of patients at risk of CNS involvement, we divided the patients into three risk groups; those with occult CSF involvement (FCM+/Cytology-); cytology positive CSF (Cytology+/FCM +/-) and; no CSF involvement (FCM-/Cytology-)( Table 3) . Within the group with occult CSF involvement, all but one patient received active treatment with intrathecal methotrexate (21%), cytarabine (24%) or a combination of methotrexate, cytarabine and hydrocortisone (Triple) (52%). Prophylactic intrathecal chemotherapy was administered in 85% of patients who had no evidence of CSF involvement. A minority of patients in both groups received systemic methotrexate and/or cytarabine as part of their systemic treatment (Table 3) .
To investigate quantitative effect of intrathecal therapy on outcome, we divided each group into tertiles based on the number of intrathecal doses (Table 4) . Within the 33 patients with occult CSF disease, we observed an association between the number of intrathecal doses and survival (0% versus 44% versus 65% at 3-years for 0-4, 5-6 and 7-26 doses, respectively) (p=0.02) but not with freedom from CNS relapse (p=0.56) (Figure 2A and 2B). Seventy percent of patients in the 0-4 dose had systemic disease failure compared to only 23% and 36% of patients in the 5-6 and 7-26 dose tertile, respectively (Table 4 ). In contrast, the CSF of most patients became flow negative including 63% of patients in the first tertile who only received 0-4 doses. Furthermore, the frequency of CSF and brain parenchymal relapse was similar among tertiles. These results suggest that among patients with occult CSF involvement, the principal cause of treatment failure is systemic disease and not CNS recurrence. Among 11 patients with cytology positive CSF, all cleared their CSF and only 18% developed systemic disease (Table 4) .
We also looked at the 201 patients at risk of CNS disease and without evidence of CSF involvement by FCM and/or cytology; 171 (85%) received at least one dose of intrathecal chemotherapy (Table 3) . In these patients, the number of intrathecal doses was also significantly associated with improved survival (76% versus 75% versus 57% at 3-years for 6-24, 3-5 and 0-2 doses, respectively) ( Table 4 ; Figure 2C ) but not with freedom from CNS relapse (data not shown).
However, patients who received any intrathecal chemotherapy had a significantly better freedom from CNS relapse compared to patients who received no intrathecal doses ( Figure 2D ). There was no significant difference in the incidence of systemic or CNS recurrence among the three tertiles (Table 4 ). All three groups received similar systemic methotrexate, cytarabine and/or rituximab.
We analyzed the survival and freedom from CNS relapse of DLBCL patients who did or did not receive systemic rituximab. Rituximab administration did not affect overall survival, but significantly improved the freedom from CNS relapse (93% versus 76% at 4-years)( Figure 2E , 2F).
Notably, there was no difference in the frequency of intrathecal chemotherapy in the patients who did or did not receive rituximab (p=1.00). We also looked at the subgroup of patients who had CSF involvement pretreatment to assess if rituximab improved the outcome of patients with established CSF disease. For this analysis, we included both DLBCL and BL patients with CSF involvement. This analysis showed a significant association between systemic rituximab and improved survival (54% versus 14%; p=0.025) and freedom from CNS relapse (85% versus 34%; p=0.0005)( Figure 2G, 2H ).
Risk Factors for CSF Involvement by Lymphoma
In a univariate analysis in DLBCL patients, extranodal disease (p<0.0001), performance status (p=0.009), stage (p=0.002) and international prognostic index (p<0.0001) were associated with a positive CSF. However, multivariate analysis only showed extranodal disease (<0.0001) and age (p=0.02) were independent predictors. In BL, only disease stage (p=0.03) was associated with CSF involvement in a univariate analysis.
DISCUSSION
The present analysis validates our previous findings that FCM is significantly more sensitive than cytology for the detection of CSF involvement by aggressive B-cell lymphoma, and indicates the presence of CSF involvement in a high proportion of untreated patients at clinical risk for CNS disease 4, 7 . The high sensitivity of FCM raises the question of whether occult CSF involvement is clinically meaningful. To address this question, we analyzed the survival and freedom from CNS relapse of patients with occult CSF involvement and compared them to patients without evidence of CSF involvement. In DLBCL, patients with occult CSF involvement had lower survival and freedom from CNS relapse compared to those without any involvement. Occult CSF involvement in BL was also associated with a lower freedom from CNS relapse, but not survival. However, cytology was associated with a worse survival in BL patients. Several conclusions can be drawn from these data. In DLBCL, the majority of patients who developed CNS recurrence appear to have occult CSF involvement at initial diagnosis based on the reported frequency of CNS recurrence 9, 12, 24 . Furthermore, occult CSF involvement is associated with a worse outcome, confirming it is a clinically meaningful and actionable finding. The findings were somewhat different in BL, reflecting differences in disease biology and treatment. In BL, cytology but not FCM was significantly associated with overall survival. This may reflect the known ability of treatment to control or sterilize leptomeningeal disease in BL, which would be more likely in patients with occult levels of involvement.
Our study shows for the first time that occult leptomeningeal disease is associated with an adverse outcome in DLBCL and BL. These results are consistent with several reports on the outcome of FCM+ CSF involvement in pooled analyses of aggressive B-cell lymphomas 4, 25, 26 . One small retrospective study showed an association between occult CSF involvement and risk of CNS relapse, and a second prospective study showed an adverse association between FCM+ CSF and survival and risk of CNS progression 25, 26 .
The benefit of intrathecal therapy is controversial in DLBCL show that intrathecal therapy controls CNS disease in most patients and in this regard confers benefit. Our results also suggest that the biology associated with CNS disease leads to a higher risk of systemic disease failure in some patients.
The effect of systemic rituximab on the risk of CNS relapse is also controversial 9,10,11,12,13 .
To assess this, we looked at the effect of rituximab on survival and freedom from CNS relapse.
Within all patients with DLBCL, systemic rituximab was associated with a significant reduction in CNS relapse suggesting it may treat established CNS disease. Alternatively, systemic rituximab may reduce the secondary spread of lymphoma to the CNS and not directly affect established CNS disease due to its poor CNS penetration 28 . To address this issue, we assessed the effect of systemic rituximab on the outcome of patients with pretreatment CSF involvement. In this analysis, which included DLBCL and BL, we observed a significant association between systemic rituximab and improved survival and freedom from CNS relapse, suggesting that systemic rituximab has therapeutic effects on established CSF disease. It is important to note, however, that most patients also received intrathecal chemotherapy, precluding any conclusion that rituximab alone can eradicate CNS disease.
The low incidence of CNS disease in DLBCL, clinically observed in 5% of unselected patients and 8% of high-risk patients, has made it difficult to study the benefit of CNS prophylaxis 1,2,29 . In the pre-rituximab era, a randomized study of CHOP versus ACVBP (doxorubicin; cyclophosphamide; vindesine; bleomycin; prednisone; and intrathecal treatment) in poor prognosis aggressive lymphomas showed a significantly lower incidence of CNS recurrence on the ACVBP arm where CNS-directed therapy was used, suggesting benefit 2 . However, several retrospective rituximab-era studies in DLBCL did not find a benefit of intrathecal prophylaxis 9, 10, 13, 27 . Two studies from the German High-Grade Non-Hodgkin Lymphoma Study Group (DSHNHL) reported that CNS prophylaxis was of no significant benefit in high-risk young patients or elderly patients with aggressive B-cell lymphoma 13, 27 . The conclusions are confounded by two methodological problems. First, patients were designated to receive intrathecal prophylaxis based on clinical criteria that were inconsistent with the authors' own optimal risk model for CNS disease. Second, the authors compared the patients in this "high-risk' group who received intrathecal prophylaxis with those who did not (due to a protocol violation). Hence, patients at highrisk of CNS disease were not optimally identified and the control group was biased with patients that the treating physicians felt did not need prophylaxis. Unfortunately, another large negative database study had related methodological issues 9 .
Our results provide the first evidence that occult CSF involvement by DLBCL or BL is clinically meaningful and associated with an adverse outcome. Intrathecal therapy was associated with excellent control of CNS disease and progression of systemic was the main cause of treatment failure. Finally, our results suggest that systemic rituximab has therapeutic activity against established CSF disease and reduces CNS relapse. These results indicate that patients at risk of CNS disease will benefit from intrathecal chemotherapy, although the optimal therapy remains to be determined. Based on these results, we suggest that patients at risk of CNS disease undergo evaluation of the CSF by FCM, and that patients receive prophylactic or therapeutic CNS-directed chemotherapy as indicated by the absence or presence of leptomeningeal disease, respectively. 
AUTHORSHIP AND DISCLOSURES
Statistical Methods
Comparisons of dichotomous parameters were made between groups of patients based on CSF involvement using the Fisher exact test, while ordered categorical parameters were evaluated for the statistical significance using the Cochran-Armitage trend test 23 . Continuously measured parameters were compared between groups using an exact Wilcoxon rank sum test. Logistic regression analysis was used to further evaluate whether any factors were jointly associated with a classification to positive or negative results. The association between various parameters and overall survival or freedom from CNS relapse was determined using Kaplan-Meier curves beginning at date primary treatment began with curves compared using the log-rank test. Patients with DLBCL who were positive by FCM, FCM with or without cytology, or had a negative CSF were divided into three tertiles based on the number of intrathecal chemotherapy treatments.
These groupings were used to form an initial set of Kaplan-Meier curves. The differences among the three curves were tested by a global log-rank test. The McNemar test for paired categorical data was used to determine the degree to which there was concordance or discordance between FCM and cytology results on the same individual. All P values are two-tailed and have not been adjusted for multiple comparisons.
To determine if differences among the three institutions influenced the study results, we performed a stratified analysis by institution for all plots with adequate events and the results were unaffected (data not shown).
